Eight nuninally cannulated steers (294 kg, ADG = 1.3 kg/d) were used in a N retention study (8 x 8 latin-square design) to evaluate sulfurcontaining (S) amino acid (AA) requirements for growth. Treatments wefe abomasal infusions of seven levels of Lmethionine (0, 3, 6, 9, 12, 15 and 18 gld) and one level of DL-methionine (6 g/d). All steers were fed a semipurified diet based on ammoniated corn cobs (DM = 6.56 kg/d) and were abomasally infused with 400 g/d dextrose and 296.4 g/d of crystalline AA that simulated the non-S-AA pattern of casein. Infusion of 3 g/d supplemental L-methionine maxlIlllzed N retention in steers. Intestinal flows of absorbable S-AA were determined to be 1.89 gkg Dh4I. Breakpoint analysis of retained N as a function of total absorbable S-AA yielded a total S-AA requirement of 14.7 g/d. Nitrogen retention for DL-methionine (36.4 g/d) was not different (P > .05) from that for 6 g/d L-methionine (38.8 gld), but because this value was not in the linear response range, the efficacy of DL-methionine in meeting S-AA needs could not be evaluated. Plasma methionine concentrations increased linearly (P c .05) in response to Gmethionine infusion and were greater (P c .05) for steers infused with 6 g/d DGmethionine (45.3 CiM) than for steers receiving 6 g/d L-methionine (30.5 ClM). Plasma cystine increased when up to 9 g/d L-methionine was infused Plasma taurine increased rapidly when more than 9 g/d Lmethionine was infused, taurine may be a significant sink for excess sulfur. The total S-AA requirement of steers in this study was estimated to be less than the amount that typically would be supplied by diets containing corn-based proteins.
sured using a production-related response (such as N retention) under expeximental conditions in which the AA of interest is deficient and all other nutrients are supplied to meet or exceed requirements. Titgemeyer and Merchen (1989) developed a method for measuring S-AA requirements of growing steers that fulfilled these criteria A mixture of AA containing no S-AA was infused abomasally into growing steers fed a diet limiting in protein, creating a situation in which S-AA were deficient but non-S-AA did not limit N retention.
This study was conducted 1) to determine S-AA requirements of rapidly growing steers using N retention as the response criterion, 2) to compare plasma AA responses to N retention and 3) to determine the efficacy of DL-methionine in providing S-AA to steers.
Materials and Methods
Experiment 1. To determine total AA requirements of ruminants, basal supplies of AA disappearing in the small intestine must be known. Therefore, flows of AA disappearing in the small intestine were measured in two Simmental steers (566 f 12 kg) fitted with simple t-type cannulas at the proximal duodenum (10 cm distal to the pylorus) and at the terminal ileum. Steers were housed in a temperaturecontrolled mom (20'0 under continuous lighting in individual pens. Steers were fed a diet (Table 1) containing 92.8% OM and 1.94% N at a level of intake equal to 2.4% of BW. Steers were fed 12 times daily with automatic feeders. Flows of AA at the duodenum and ileum were measured with reference to chromic oxide using procedures described by Titgemeyer and Merchen (1989) . Steers were initially adapted to the diet for 10 d and then were involved in three 13-d collection periods. Within each collection period, digesta samples (duodenal, ileal, fecal) were collected 12 times, with samples collected at 26-h intervals such that samples were collected at each 2-h interval over a 24-h day. Three periods were conducted such that six total observations were obtained. For statistical analyses, repeated measurements on the same animal were regarded as independent experimental units.
Experiment Solutions were infused continuously through polyvinylchloride tubing with peristaltic pumps. Tubing was placed through the ruminal cannula and the reticulo-omasal orifice into the abomasum and held in place with a small rubber flange. Dextrose was supplied to increase the available energy supply to the steers without increasing microbial protein synthesis and to ensure an adequate supply of absorbable glucose such that gluconeogenesis would not become a large AA sink. Crystalline AA were infused 1) to allow steers to deposit protein at near maximal rates, 2) to ensure that S-AA were fust-limiting and 3) to ensure that non-S-AA did not limit protein deposition, thereby leading to a methionine response only to the point at which ather AA became limiting flitgemeyer and Merchen, 1989 Results and Dlscusslon Experiment 1. Dry matter intake was 13.94 f .13(SD) kg/d. Apparent ruminal OM digestibility was 37.5 f 2.1%. Apparent OM digestibility before the ileum was 60.6 f 1.7%. Apparent total tract OM digestibility was 63.9 f .8%. Total quantities of N intake, N reaching the duodenum and N disappearing from the small intestine were @/kg DMI) 19.6 f .38, 21.5 f .70 and 11.2 f .56, respectively. Total flows of AA to the small intestine were 101.9 f 4.1 g/kg DMI, with 59% disappearing before the terminal ileum. Quantities of individual AA disappearing from the small intestine were (g/kg Dh4l) as follows: methionine, 1.20; cysteine, .69; lysine, 5.53; histidine, 1.14; arginine, 3.01; threonine, 2.91; valine, 3.52; isoleucine, 3.51; leucine, 5.10; phenylalanine, 2.88; tyrosine, 2.48; and nonessential AA, 28.50. Values for AA disappearing from the small intestine are similar to those reported previously for steers fed a similar diet at a similar level of intake (% BW basis; Titgemeyer and Merchen, 1989) affected by treatment (P > 3. This digestibility is slightly higher than that obtained in Exp. 1 when total tract digestibility was measured by reference to chromic oxide. Nitrogen intake, excretion and retention of steers abomasally infused with graded levels of L-methionine or 6 g/d DGmethionine are presented in Table 2 . Nitrogen intake increased linearly (P < .05) in response to L-methionine infusion. This was a result of both decreased DMI of steers receiving no supplemental methionine and the additional N infused as methionine. Urinary N decreased (P < .05) when 3 g/d or more L-methionine was abomasally infused. This response was best described by a rightmost plateau with a breakpoint at 3 g/d L-methionine. Fecal N excretion was not affected (P > .4) by treatment. Retained N increased (P < .OS) when 3 g/d or more L-methionine was abomasally infused. Similar to urinary N, the response was best described by a rightmost plateau with a breakpoint at 3 &/d L-methionine.
Urinary N excretion and N retention when steers received 6 g/d DL-methionine were not different (P > 2.5) than when they received 6 g/d L-methionine. However, this level of supplementation was not in the ascending portion of the linear response range; hence, the efficacy of DL-methionine in meeting S-AA requirements could not be evaluated from these data
Responses to L-methionine infusion clearly indicate that, under these experimental conditions, N retention and, presumably, steer performance were limited by available S-AA. This conclusion is dependent on efficient conversion of methionineS to cysteine, which has been demonstrated for cattle (Ahmed and Bergen, 1983; Buttery et al., 1984) and sheep (Pisulewski and Buttery, 1985) . Because m e thionine may be converted to cysteine but the reverse reaction does not occur, our estimates of total S-AA requirements require the assumption that cysteine supply is deficient; this appears to be reasonable because methionine provided over 63% of absorbable S-AA when no d o n i n e was infused. Ahmed and Bergen (1983) suggested that for steers only 42% of the total S-AA requirement must be supplied as methionine. The calculation of total S-AA requirements via summation of methionine and cysteine supplies suffers from lack of knowledge regarding the percentage of this requirement that may be met by cysteine. However, the change in the estimated requirement due to the differences in the molecular weights of methionine and cysteine wiU be small compared with the total amount.
Extrapolation of the linear response surface (from the regression analysis) may be used to calculate both maintenance requirements and requirements for any level of N retention. may not have accurately assessed methionine requirements of steers. Bergen (1979) discussed the use of the twophase broken line plasma AA response curve as a method of determining the AA requirements of ruminants. This approach is based on the theory that plasma concentrations of an A.4 will not increase in response to increasing supply until an amount greater than the animal's requirement is supplied. However, this technique has not been directly compared to one utilizing a response such as N retention which presumably is indicative of protein accretion.
In response to L-methionine infusion, plasma methionine concentration increased linearly (Figure 1) . The lack of a definitive breakpoint is not surprising because 3 gld Lmethionine led to maximal N retention. The first increment of L-methionine supplementation led to the smallest increase in plasma methionine concentrations (from 17.1 to 20.2 pM; Table 3 ). perhaps indicating that a breakpoint could have been detected here and kinear effect of L-methionine (P < .05). cQuadratic effect of Lmethionine (P < .B).
eLinear effect of Gmethionine (P < .lo).
thus a two-phase broken line response curve would yield similar estimates of methionine requirements if smaller increments between 0 and 3 g/d Lmethionine were infused. However, changes in plasma methionine concentrations in response to postnuninal methionine infusion must be carefully analyzed in studies designed to assess requirements. The magnitude of plasma methionine responses over both the ascending portion and the plateau region of a two-phase broken line response curve must be considered. Fenderson and Bergen (1975) observed a very flat plateau region with a slope of only .3 pM/g G methionine with a slope for the ascending portion of the curve of 4.7 pM/g Lmethionine. This upward slope is of similar magnitude to that of 2.5 pM/g Lmethionine measured in the current study (Figure 1 ). W i l l i a m s and Smith (1974) observed a plateau region with a slope of approximately 4 j M / g L-methionine, a value similar to that observed for the ascending slope by Fenderson and Bergen (1975) .
A tremendous increase in plasma methionine concentrations following this first ascending portion of the curve has been demonstrated for calves (DLmethionine) by Tzeng and Davis (1980) and for sheep by Reis et al. (1973) . In the latter study, plasma methionine accounted for 63% of total plasma AA when excessive levels (10 g/d) of DL-methionine were infused.
Our results and data from the literature indicate that plasma methionine responses to postruminally supplemented methionine may follow a three-phase response w e , which includes 1) a plateau region within which plasma concentrations remain unchanged (observed when methionine supply is less than the animal's requirement), 2) an intermediate range within which plasma concentrations increase at moderate rates (2 to 5 pM/g G methionine: Williams and Smith, 1974; Fenderson and Bergen, 1975 ; w e n t study) and 3) an excess range in which plasma concentrations (perhaps D-methionine) skyrocket and may account for more than onehalf of the total plasma AA (Reis et al., 1973; Tzeng and Davis, 1980) . In this study, infusion of 6 g/d DLmethionine elicited plasma methionine increases that were clearly larger than those demonstrated by steers receiving 6 g/d Lmethionine (Table 3; Figure 1) . Presumably, the increased plasma methionine concentrations of steers receiving DL-methionine is due to slower uptake and ( .mates of methionine requirements similar to those obtained when N retention was utilized, but the slope of the plateau region was greater than the ascending slope observed for DLmethionine in the current study (9 pM/g vs 5
Hasma cystathionine concentration increased (P < .05) in response to L-methionine infusion in a linear fashion (Figure 1 ; Table 3) and reflects the increased flux of methionine-S through cystathionine to cysteine. Plasma cystine increased quadratically (P < .05) with increases in quantity of L-methionine infused. Plasma cystine concentrations nearly doubled as L-methionine infusion increased from 0 to 9 g/d. However, when more than 9 g(d Lmethionine was infused, plasma cystine concentrations increased at a much slower rate (Figure 1; Table 3 ). The plateau in plasma cystine concentrations probably did not occur because of saturation of the transulfuration pathway, but rather because of a shift in products of methionhe metabolism appearing in the blood. Plasma taurine concentrations increased rapidly when more than 9 g/d Lmethionine were infused (Figure 1; Table 3) , implying that the cysteine produced from methionine was being converted to taurine. Arginine concentrations increased linearly (P < .05; Table 3 ) with infusion of increasing quantities of L-methionine; this may reflect the reduction in urinary N excretion and an associated reduction in arginine use for urea cycle activity. Reasons for linear increases in plasma alanine (Table 3 ) and linear decreases in plasma concentrations of the branched-chain AA (leucine, valine, isoleucine; Table 3 ) are unknown, although similar trends for the branched-chain AA were observed in sheep infused with either L-or DL-methionine (Reis et al., 1973) . Plasma concentrations of total AA (data not shown), ornithine, citrulline, threonine, glutamate, glutamine, glycine, tyrosine, phenylalanine, lysine and histidine were unaffected (P > .05) by methionine infusion. Infusion of 6 g/d DL-methionine led to higher (P < .05) plasma concentrations of aspartate than did infusion of 6 g/d L-methionine; the reason for this response is unknown. This amount probably would be supplied by diets containing either corn or corn silage as the primary energy source. Further investigation into the requirements of rapidly growing steers for the nonsulfurcontaining amino acids will be required before we can expect to economically improve performance of growing cattle via manipulation of amino acid supply.
Literature Clted
Ahmed, B. M. and W. G. Bergen. 1983 . Methioninecyst(e)ine relationship in steers. J. Anim. Sci.
